Sequential behaviour is widespread not only in humans but also in animals, ranging in different degrees of complexity from locomotion to birdsong or music performance. The capacity to learn new motor sequences relies on the integrity of basal ganglia-cortical loops. In Parkinson's disease the execution of habitual action sequences as well as the acquisition of novel sequences is impaired partly due to a deficiency in being able to generate internal cues to trigger movement sequences. In addition, patients suffering from Parkinson's disease have difficulty initiating or terminating a self-paced sequence of actions. Direct recordings from the basal ganglia in these patients show an increased level of beta (14-30 Hz) band oscillatory activity associated with impairment in movement initiation. In this framework, the current study aims to evaluate in patients with Parkinson's disease the neuronal activity in the subthalamic nucleus related to the encoding of sequence boundaries during the explicit learning of sensorimotor sequences. We recorded local field potential activity from the subthalamic nucleus of 12 patients who underwent deep brain stimulation for the treatment of advanced Parkinson's disease, while the patients in their usual medicated state practiced sequences of finger movements on a digital piano with corresponding auditory feedback. Our results demonstrate that variability in performance during an early phase of sequence acquisition correlates across patients with changes in the pattern of subthalamic beta-band oscillations; specifically, an anticipatory suppression of beta-band activity at sequence boundaries is linked to better performance. By contrast, a more compromised performance is related to attenuation of beta-band activity before within-sequence elements. Moreover, multivariate pattern classification analysis reveals that differential information about boundaries and within-sequence elements can be decoded at least 100 ms before the keystroke from the amplitude of oscillations of subthalamic nucleus activity across different frequency bands, not just from the beta-band. Additional analysis was performed to assess the strength of how much the putative signal encoding class of ordinal position (boundaries, within-sequence elements) is reflected in each frequency band. This analysis demonstrates that suppression of power in the beta-band contains the most class-related information, whereas enhancement of gamma band (31-100 Hz) activity by guest on October 7, 2016 http://brain.oxfordjournals.org/ Downloaded from is the second main contributor to the encoding. Our findings support the hypothesis that subthalamic nucleus-mediated gating of salient boundary elements during sequence encoding may be a prerequisite for the adequate acquisition of action sequences and the transition to habitual behaviour.
Introduction
Besides motor functions, Parkinson's disease affects cognitive and emotional processing (Bowers et al., 2006; Mattis et al., 2011) . Cognitive deficits can be exhibited in different behavioural settings such as task switching, speeded Flanker task, or reversal learning (Cools et al., 2001; Frank et al., 2004; Siegert et al., 2014) . During the course of the disease, the manifestation of cognitive deficits parallels the progressive dorsal to ventral and posterior to anterior gradient of dopamine depletion in the striatum that characterizes Parkinson's disease (Bernheimer et al., 1973; Frey et al., 1996) . Accordingly, these symptoms are considered to partly reflect abnormal processing along the parallel cortico-basal gangliathalamo-cortical loops (Alexander and Crutcher, 1990) . Sequence learning, both explicit and implicit, and its transition to automaticity are also impaired in patients with Parkinson's disease when compared with healthy controls (Carbon et al., 2003; Wu et al., 2005; Seidler et al., 2007; Wilkinson et al., 2009 ). This outcome indirectly supports a role of the human basal ganglia and their associated circuits in the acquisition of sequential behaviour. The direct contribution of the basal ganglia to the acquisition of action sequences has been demonstrated in several neurophysiological and functional imaging studies, both animal and human (Mushiake et al., 1995; Kao et al., 2005; Lehé ricy et al., 2005; Wymbs et al., 2012) . Animal studies suggest that the basal ganglia encode the first and last elements of behavioural sequences (sequence boundaries; Barnes et al., 2005; Jin and Costa et al., 2010) , thereby leading to the concatenation of single movements into integrated units of actions (Wymbs et al., 2012) . In a previous study, we demonstrated for the first time in humans that suppression of beta-band oscillatory local field potential (LFP) activity in the internal globus pallidus supports the encoding of boundaries of sensorimotor sequences (Herrojo . Thus, human and animal data converge in showing that the basal ganglia contribute to the formation of boundary-delimited representations of action sequences. In this framework, mimicking striatal dopamine depletion in a mouse model impairs start/stop signals and sequence learning (Jin and Costa, 2010) . Accordingly, an open question of clinical relevance is whether the deficits in sequence acquisition characterizing patients with Parkinson's disease may result from the abnormal encoding of sequence boundaries.
Indeed, earlier studies inferred that in Parkinson's disease the basal ganglia may not generate internal cues to trigger the next submovement in a sequence (Georgiou et al., 1994; Brown and Mardsen, 1998) . More recently, it has been hypothesized that the processing of the behavioural relevance of environmental cues is modulated by the subthalamic nucleus (STN; Williams et al., 2003; Oswal et al., 2012) . In particular, the level of reduction in the amplitude of beta-band STN oscillations is proportional to the degree of the saliency of the upcoming action. Consequently, we recorded intracranial LFP from the STN in patients who underwent deep brain stimulation for advanced or severe Parkinson's disease and were ON medication during explicit sensorimotor learning. Our primary goal was to evaluate event-related changes in the amplitude of beta-band oscillatory STN-LFP activity preceding sequence boundaries and within-sequence elements during explicit learning of sensorimotor sequences. Importantly, however, the STN oscillatory activity in Parkinson's disease patients exhibits an abnormally enhanced level of synchronized oscillations in the beta frequency range more prominently when patients are OFF medication (Kü hn et al., 2004; Alegre et al., 2005) . This phenomenon has been established in patterns of synchronized spikes, in LFP and in their spike-field coherence (Goldberg et al., 2004; Li et al., 2012) . In light of those findings, we postulated the following hypotheses: (i) in Parkinson's disease, there might be a reduced ability to effectively suppress the amplitude of betaband neuronal oscillations within basal ganglia networks, which may be particularly necessary at sequence boundaries to enable their encoding. This may lead to impaired improvements in performance during learning. Notably, the degree of impairment in sequence performance in the population of patients with Parkinson's disease shows a large interpersonal variation (Argyelan et al., 2008; Carbon et al., 2010) . Accordingly, we additionally aimed to gain more insight into the variability of sequence performance among patients with Parkinson's disease by examining the relation between the level of performance and the modulation of neurophysiological activity during initial sequence training. Furthermore, (ii) the information about boundaries and within-sequence elements may be decoded from the patterns of LFP oscillations across different frequency bands rather than from the beta-band exclusively. In particular, beta and gamma (31-100 Hz) oscillations in the intact and parkinsonian basal ganglia are interdependent and co-vary in a negative fashion (Dejean et al., 2011) . To investigate this hypothesis, we used multivariate pattern classification methods (MVPC; Duda et al., 2000; Haxby et al., 2001) . A time-resolved MVPC analysis allows quantifying, in terms of decoding accuracy, the time course of the class-related information contained in the multivariate LFP signals.
Materials and methods

Patients and surgery
Twelve patients (mean AE SEM: 59 AE 4 years; two female; Table 1 ) participated in the study. The patients had been diagnosed with idiopathic Parkinson's disease (mean disease duration 9 AE 2 years) and had undergone bilateral implantation of deep brain stimulation electrodes in the STN. One of the 12 patients was a skilled pianist (Patient 0 in Table 1 ) and, accordingly, was analysed separately from the other 11 patients (with no formal musical training). Major cognitive or affective disturbances were ruled out before surgery by appropriate neuropsychological (Mini-Mental State Examination 426) and neuropsychiatric evaluations (Beck Depression Inventory 524). Parkinson's disease motor symptoms at the time of the study were rated at the end of each session using the Unified Parkinson's Disease Rating Scale III (UPDRS, part 3: 18 AE 3, 11 patients ON medication; Patient 0 was OFF medication, UPDRS-III: 9). In addition, 10 age-matched healthy participants (54 AE 5 years) with no history of a neurological disorder participated in the study as a control group to provide reference values for performance variables. All participants gave informed written consent to participate in the study, which was approved by the local ethics committee. Clinical details are presented in Table 1 .
Deep brain stimulation electrodes were targeted in all patients bilaterally in the dorsolateral 'motor' portion of the STN (surgical details in Supplementary material). A model 3389 macroelectrode was used, with four platinum-iridium cylindrical surfaces (1.27 mm in diameter and 1.5 mm in length) and a contact-to-contact separation of 0.5 mm. Electrode contacts were numbered from 0 (most ventral) to 3 (most dorsal). Electrode placement was verified on the postoperative MRI according to the procedure described in Schö necker et al. (2009) and online Supplementary material. Postoperative MRIs confirmed that at least one electrode contact was located in the STN ( Fig. 1A and Table 1 ). Clinical evaluation at least 3 months after deep brain stimulation surgery confirmed a significant decrease in motor symptoms during chronic deep brain stimulation (mean decrease of 50% AE 4% in the UPDRS-III ON compared to OFF deep brain stimulation without dopaminergic medication). This outcome supported the correct placement of deep brain stimulation electrodes within the sensorimotor area of the STN.
Recording and preprocessing
Recordings during task performance were made 2 to 4 (2.7 AE 0.3) days postoperatively, while electrodes were still externalized before implantation of the pulse generator. The 11 patients with Parkinson's disease (Patients 1-11 in Table 1 ) were assessed after 70 AE 10 min of their regular morning dose of dopaminergic medication (which is typically adjusted in case of postoperative temporary motor improvement due to stun effect; see Eusebio and Brown, 2009) . By contrast, recordings of the pianist with tremor-dominant Parkinson's disease were performed in the OFF medication state due to a significant tremor reduction after electrode implantation (stun effect).
LFP activity in the left and right STN was recorded bipolarly from the four adjacent contact pairs along the macroelectrode in all patients. In addition, a transverse electrooculogram (EOG) was recorded to monitor blinks and eye movements. The signals were bandpassfiltered between 0.5 and 250 Hz, amplified 50 000-fold (25 000-fold for EOG) with a Digitimer D360 (Digitimer Ltd.) and sampled at 1 kHz through a 1401 A-D converter onto a computer using Spike 2 software (Cambridge Electronic Design). In addition, performance information was synchronously transmitted and saved as MIDI (Musical Instrument Digital Interface) data, which provided the time onsets of keystrokes relative to the previous event (inter-onset interval, ms), MIDI note number that corresponds to the pitch, and MIDI velocity.
We used the EEGLAB Matlab Õ Toolbox (Delorme and Makeig, 2004) for initial visualization purposes and off-line notch (at 50 Hz) filtering. As assessed by visual inspection of the LFP and EOG signals, data epochs containing artefacts due to eye movements or blinks were removed from further analysis. All contact pairs which had at least one contact placed in the STN, according to postoperative imaging, were selected for LFP analysis (total n = 41 for Patients 1-11, 20 of them located in the STN contralateral to the hand playing; n = 3 for Patient 0, all contralateral; Table 1 and Fig. 1A ). Data epochs representing single experimental trials time-locked to the onset of the keystrokes correct in pitch (hereafter termed perfectly correct notes), with the constraints of being preceded and followed by at least three neighbouring correct pitch events and having an inter-onset interval within 2 standard deviations (SD) of the average inter-onset interval, were extracted within [ À1000, 1000] ms, resulting in $n = 800 AE 10 artefact-free LFP epochs per patient.
Paradigm
Participants were asked to perform sensorimotor sequences with their dominant hand on a MIDI piano (Yamaha Arius YDP-161). There was a familiarization and a recording session spanned by 30 min. Figure 1B indicates the sequence patterns as the MIDI data number. The stimulus material consisted of four sequences of four elements and was recorded in a counterbalanced order across participants. All sequences were composed of exclusively natural (white) keys and could be played without lateral arm movements. Some sequence elements corresponded with a different position relative to the first sequence element (ordinal position: range 1-4) depending on the sequence type.
Participants were seated at the digital piano in a dimly lit room. During the familiarization stage ($10 min), participants were instructed for each sequence type which notes to press and in which order. Participants listened simultaneously to the auditory feedback of the notes played. In this stage, participants practiced each sequence until an error-free performance was achieved at a self-defined movement rate for five consecutive renditions. Patients played with three or four fingers and with a consistent digit-to-tone mapping across trials for each sequence type (Supplementary Table 1 ). The recording session consisted of one block of 10 trials, with a trial duration of 23 s, for each sequence type (Fig. 2 ). We used a synchronization-continuation paradigm; in each trial, movement frequency (tempo) was paced before the go signal by reproducing auditory cues corresponding with the sequence elements for two renditions at a rate of one tone every 300 ms. After the go cue, no additional cues for pacing the tempo were provided. In each sequence-specific block, the task was to play the musical sequence from memory and continuously for the duration of each trial, to adjust to the cued tempo, and not to stop to correct errors. Therefore, within-trial performance was characterized by a concatenation of sequence renditions without pauses. In addition, participants had to fixate a central cross in a PC monitor in front of them to avoid eye movements. The total recording session lasted $25 min. correct notes, and error rates ( Table 2) . Sequence-specific learning was assessed by comparing performance parameters between the first and the last five trials of duration 23 s (termed phase t1 and t2, respectively) for each sequence type. In addition, changes in general performance across sequence blocks were evaluated by comparing the first and last blocks corresponding with different sequence types. This latter analysis aimed at assessing a possible influence of the wearing-off of dopaminergic medication across time in performance. Variability in timing was assessed with the Specificity Index (online Supplementary material and Herrojo . The specificity index (SI) is a normalized (to [0,1]) measure of the difference between a sample distribution (e.g. the distribution of inter-onset interval values in one trial) and a uniform distribution of evenly distributed values (Fig. 3A) . Accordingly, specificity index = 0 when the sample distribution is a uniform distribution and specificity index = 1 (maximal specificity) for the sampled variable distributed maximally over one single bin.
Finally, our observations during the experiments confirmed large interpersonal variation of the level of sequence performance in the patients with Parkinson's disease, as reported previously in this population (Argyelan et al., 2008; Carbon et al., 2010) . To assess this variation we first created a combined performance index per patient on the basis of a multidimensional data set including: (i) rate of pitch errors; (ii) rate of action slips (double key press); (iii) mean inter-onset interval; (iv) 1 À average specificity index for inter-onset interval (1-SI IOI ); (v-vi) change in mean inter-onset interval with sequence-specific training (v) and across sequence blocks (vi); (vii-viii) 1-change in specificity index for inter-onset interval with sequence-specific training (vii) and across sequence blocks (viii) . Larger values in the selected variables indicate a more compromised performance. The combined The stereotactical localizations of the geometrical center of the bipolar pair of contacts are shown ( + ) on corresponding transversal section planes of the standard Montreal Neurological Institute (MNI) T 1 atlas template separately for both sides (z: dorsoventral coordinate; y: antero-posterior coordinate). Atlas contours of the histological mean 3D Morel atlas of the human thalamus (thal), red nucleus (rn) and STN were superimposed to enable assessment of localizations with respect to nuclear boundaries of STN. Note that we plotted the midpoints between the two contacts of the respective contact pair used for analysis; although the midpoint may not lay within STN in some cases, all selected contact pairs had at least one contact within the borders of the nucleus. (B) Musical sequences 1-4 were performed with the most comfortable digit-to-tone mapping (three or four digits depending on the patient and sequence-type, yet consistently maintained throughout the recording) by the dominant hand of each patient. Digits 1 to 5 refer to the thumb, index, middle, ring and small finger, respectively. Numbers 60-66 indicate the values of MIDI data corresponding with the range of notes played on the digital piano. performance index was the sum of the eight rescaled performance variables [each one rescaled to interval (0.1, 1), Fig. 3B ]. Next, we assessed the statistical dependency between this index and (i) the indices of neurophysiological activity during sequence performance (next section); or (ii) the clinical variables, with particular emphasis on the response of motor symptoms to dopaminergic medication (presurgical UPDRS-III score OFF-ON/OFF, hereafter termed levodopa-responsiveness score).
Frequency and time-frequency analysis of local field potential signals
Details on the calculations are provided in the online Supplementary material. We first computed the standard power spectral density (in mV 2 /Hz) of the raw data and normalized it into decibels (dB) with the average gamma-band power spectral density. In addition, by means of the Morlet wavelet analysis, we assessed the event-related timefrequency representation of the induced LFP activity in the range from 4 to 100 Hz. This range can be subdivided into the theta (4-7 Hz), alpha (8-13 Hz), beta (14-30 Hz) and gamma (31-100 Hz) frequency bands. The time-frequency representation was normalized according to the (i) single-trial full-epoch length; and (ii) ensemble average normalization steps described in Grandchamp and Delorme (2011) . The resulting normalized index reflected the rate of power change relative to the standard deviation of the baseline period. Power spectral density and time-frequency representation analyses were performed on ipsilateral and contralateral STNs separately (see 'Statistics' section).
Our main goal was to evaluate the time-frequency representation time-locked to perfectly correct sequential keystrokes at different ordinal positions, with the emphasis on boundary (i.e. elements at position 1 and 4) and within-sequence elements (positions 2 and 3). Note that, due to the instructed concatenated performance within each trial, boundary elements did not reflect initiation or termination of movement.
Multivariate pattern classification analysis
We investigated by means of MVPC analysis (Duda et al., 2000) whether the difference between two classes of ordinal position, boundary and within-sequence elements, could be decoded before the key press from the patterns of LFP oscillations across different frequency bands rather than from one frequency band exclusively (such as the beta-band, as in Herrojo . For this analysis we used (4 n)-dimensional time series of STN-LFP activity, corresponding to the n contact pairs localized within the bilateral STN of each patient (Table 1 ) and the four frequency bands (theta, alpha, beta and gamma). The number of trials per class (330 AE 10 on average across patients) was balanced by matching trials according to their inter-onset interval values (and, incidentally, their keystroke velocity). MVPC analysis was performed on the squared norm of the wavelet coefficients computed for each single data epoch within [ À 1000, 1000] ms and after full-epoch length normalization (see previous section). The analysis focused on a temporal interval between the current and previous keystroke (430 AE 20 ms on average). This interval was divided into 43 adjacent bins of 10-ms width. In each time bin a support vector machine (SVM, library for Matlab Õ by Chang and Lin, 2011) was trained to distinguish between classes; a 10-fold leave-one-out cross-validation scheme was used to estimate the validity of the predicting model. We initially performed a subjectbased classification and later estimated the population decoding accuracy averaging across patients. As in Haxby et al. (2001) , we additionally investigated whether the class of ordinal position could be decoded after the exclusion of one factor (beta-band) from the feature space (3n features). Finally, the MVPC analysis was complemented with a recent method introduced by Haufe and colleagues (2014) to assess the degree to which frequency bands are class-specific. In brief, the method computes the covariance between the data and an estimated target-signal representing the putative neuronal correlate that encodes the class of ordinal position. Further details of the multivariate analyses are presented in the online Supplementary material.
Statistics
The assessment of significant differences between conditions or groups was performed with the use of a non-parametric pair-wise permutation test (Good, 2005) across n subjects, with a total of nperm random permutations (nperm = max {2n! / (n!n!), 5000}). The difference in sample means was the test statistic. The P-values were computed as the frequencies that the replications of the test statistic had absolute values greater than or equal to the experimental Time course of the presentation of the initial visual cue with the image of the piano and the block-specific sequence content, followed by the auditory cues that, before the go signal, reproduced the sequence elements for two renditions at a rate of one tone every 300 ms. Participants had to begin to play the sequence renditions after the last metronome cue at the presentation of the go cue (green ellipse). Within-trial performance was characterized by a concatenation of $15 sequence renditions without large pauses. The end of the trial after 23 s of performance was signalled by a visual cue with a red ellipse.
difference. Statistical tests of the changes in spectral power were assessed at each frequency within [4, 100] Hz (power spectral density), or at each point within [ À300, 300] ms and after averaging the index of spectral power within the frequency range of interest (timefrequency representation).
Significant differences in the spectral power (power spectral density, time-frequency representation) between ipsilateral and contralateral STNs were estimated by means of paired permutation tests across subjects. Changes in spectral power (time-frequency representation) from baseline (zero) level were assessed with a sign permutation test across n subjects, whereby the sign of each sample variable was randomly permuted to generate the full permutation distribution of size 2 N .
To investigate the practice-induced effect of training on the performance or LFP power indexes at the group level, we tested changes across the training phases t1 and t2 or across sequence blocks (first and last sequence types played) with a paired permutation test. Furthermore, statistical dependency between two variables was assessed by means of the non-parametric Spearman (rank correlation) due to its reduced sensitivity to strong outliers.
For post hoc analyses involving two factors we selected the approach of synchronized rearrangements (Good, 2005; Basso et al., 2007) .
Finally, in the MVPC analysis, we first tested the decoding accuracy against chance (50%) at the single-subject level. The null distribution of accuracy was estimated by performing the MVPC analysis 500 times after randomly shuffling the class labels in the data. At each time bin we calculated the P-values as the frequencies of permutation accuracies that are greater than or equal to the experimental decoding accuracy. The single-subject analysis thus aimed to replicate in every subject the MVPC results and thus to compensate for the small sample size in our study (n = 11, 1). Next, statistical assessment with a permutation test was performed at the group-level to localize the time bins showing an effect of above-chance decoding accuracy across the patient population.
Effects were considered significant if P-value 5 0.05. Multiple comparisons were corrected by controlling the false discovery rate (FDR) at level q = 0.05 by means of an adaptive two-stage linear step-up procedure (Benjamini et al., 2006) . The corrected threshold P-value obtained from this procedure, Pth, is given when multiple comparisons were performed.
Results
Selective improvements in performance
Detailed data from the patient and control groups are provided as mean and SEM in Table 2 and the online Supplementary material. Parkinson's disease patients demonstrated correct memorization of the sequence elements in their serial order (71 AE 2% rate of correct notes). Compared with healthy participants, patients were more compromised under the conditions of average tempo, timing specificity (SI IOI ) and error rates (P 5 0.05). By contrast, both groups exhibited similar average keystroke velocity and adaptive mechanisms associated with error commission (P 4 0.05). The pianist with Parkinson's disease performed better (4) 59 (4) -The performance data in the 11 patients with Parkinson's disease, the 10 age-matched healthy participants and the pianist with Parkinson's disease are provided as mean and standard error of the mean (SEM). Performance errors included isolated pitch errors (preceded and followed by at least three correct pitch events), action slips (double keystroke) and consecutive errors. 'Perfectly' correct pitch notes denotes events correct in pitch, preceded and followed by three correct pitch events, and additionally constrained to lie within 2 SD of the average inter-onset interval per sequence-type. This latter type of events was selected for the analysis of LFP activity to have trials of similar temporal properties. IOI = inter-onset interval.
than the group of 11 Parkinson's disease patients in all variables (Table 2) . Sequence-specific performance improvement across the 11 patients with Parkinson's disease was exhibited exclusively in the significant increase from phase t1 to phase t2 in the SI IOI (P = 0.0195, Fig. 3C ), reflecting a more regular timing with training. In the pianist with Parkinson's disease sequence-specific training led to improvements both in the SI IOI and in the mean inter-onset interval (permutation test across sequence types, P 5 0.05). No significant changes in performance parameters between the first and last blocks were observed either in the full Parkinson's disease group or in the pianist with Parkinson's disease (P 4 0.05, not shown).
Furthermore, each rendition of the sequence was an instantiation of an integrated unit of behaviour, such that the sequence boundaries were maintained across training (Supplementary material).
Finally, bivariate rank correlation analysis with Spearman demonstrated that a better level of performance (smaller combined performance index) was associated with a larger levodopa-responsiveness score ( = À 0.610, P = 0.04, Fig. 3D ). Other clinical variables were not statistically associated with changes in performance across the patient population [disease duration, age, the levodopa equivalent daily dose (LEDD in mg), or the time interval from the last levodopa medication: P 4 0.05].
Power spectral density during sequence performance
The measure of normalized power spectral density (in dB) averaged between contralateral and ipsilateral STN [non-significant (n.s.) differences between both STN, P 4 0.05] displayed a peak in the upper beta-band between 20 and 30 Hz (Fig. 4A ). The , see main text) and the pre-surgical levodopa-responsiveness score. A better level of performance was associated with a better response of motor symptoms to dopaminergic mediation. pianist showed predominantly low frequency activity corresponding to the tremor-frequency (Fig. 4A) . The individual power spectral density curves amongst patients in the group displayed, however, large variability with regard to the magnitude and frequency of the maximum beta-band peak (range 13-35 Hz, Fig. 4B ). This variable pattern was replicated in an additional control analysis of independent recordings obtained during wakeful rest ON medication (data available from eight patients; Fig. 4C and D). The average normalized beta-band power spectral density (here within 13-35 Hz) was positively correlated with the combined performance index across the patient population ( = 0.636, P = 0.027, Fig. 4E ). A similar dependency was obtained during wakeful rest recordings ( = 0.619, P = 0.088, trend of significance; Fig. 4F ). Accordingly, patients with a higher level of beta-band power exhibited a more compromised performance during sequence learning. Variability in the betaband spectral power did not depend on the levodopa-responsiveness score ( = À 0.29, P 4 0.05).
Reduction in the amplitude of beta-band subthalamic nucleus oscillations prior to sequence boundaries is associated with better performance
Analysis of the time-frequency representation of induced oscillatory activity, which was time-locked to all correct sequential keystrokes regardless of their ordinal position, is presented in Supplementary Fig. 1 . The main effects were an enhancement of gamma band activity and a reduction of beta-band activity before key press, both of which were more prominent on the contralateral STN. Consequently, further keystroke-related timefrequency representation analysis focused on the contralateral STN.
We mainly aimed to investigate the modulation of the induced event-related time-frequency representation of contralateral LFP activity averaged in the beta-band by the boundary elements (P boundary ) and the within-sequence elements (P within ). In the group of 11 Parkinson's disease patients, P boundary and P within were not significantly different either from each other or from baseline levels (P 4 0.05, Fig. 5A ). By contrast, in the pianist with Parkinson's disease, P boundary was prominently and significantly reduced at around À 50 ms (P 5 Pth = 0.01; Fig. 5B ; similar attenuation for the first and last ordinal position). The beta-band P boundary À P within negative difference was significant before and after the key press (P 5 Pth = 0.01).
We next assessed whether the P boundary À P within modulation in the Parkinson's disease group exhibited interindividual variability depending on the level of sequence performance. Accordingly, we computed the Spearman between the running average P boundary À P within in consecutive bins of 50 ms and the combined performance index (Fig. 5C) . A significant positive rank correlation between both variables was obtained between À 110 and 0 ms (P 5 Pth = 0.009). More interestingly, as illustrated in the scatter plot corresponding to the maximum attained at À 60 ms (bin [ À 60, À 10] ms, = 0.752, P = 0.007; Fig. 5D ), there was an inversion in the sign of P boundary À P within : a better level of performance (GoodP) was associated with a negative P boundary À P within change, consistent with the outcome in the pianist, whereas a more compromised performance (BadP) was related to a positive P boundary À P within change. This statistical Encoding sequence boundaries in PD Brain 2014: Page 9 of 16 | 9 by guest on October 7, 2016 http://brain.oxfordjournals.org/ Downloaded from dependency was mediated by the effect of the beta-band power on performance (that is, the correlation between performance and P boundary À P within was not significant after partialing out the variable beta-band power spectral density in a partial correlation analysis, P 4 0.05). Similarly, the statistical dependency between the beta-power and the degree of performance was mediated by the effect of the P boundary À P within change (non-significant partial correlation between beta-band power spectral density and performance after partialing out P boundary À P within , P 4 0.05). Correspondingly, a significant positive between beta-band power spectral density and P boundary À P within changes was found ( = 0.702, P = 0.01). Changes in P boundary À P within did not statistically depend on the levodopa-responsiveness score (P 4 0.05).
As a post hoc analysis, a two-factorial analysis with factors subgroup (GoodP, BadP) and Class of ordinal position demonstrated a significant interaction in a broad range within [À 110, 95] ms (P 5 Pth = 0.0360; no main effects), confirming that P boundary and P within were differently modulated depending on the subgroup factor. The interaction effect was further explored by means of a unifactorial analysis for each group separately. This analysis confirmed a significant P boundary À P within negative modulation in GoodP (P 5 Pth = 0.006, around À 180, À 60 and 40 ms; Fig.  5C ), and a positive difference in BadP (P 5 Pth = 0.011, around À 100 and 0 ms; Fig. 5D ). In GoodP the P boundary was consistently suppressed in anticipation of both the first and last element of the sequence (changes from baseline in Fig. 5E ). In BadP, the suppression manifested in P within and did not differ between second and third elements (Fig. 5F) .
Importantly, the reported P boundary À P within subgroup effects before key press were not a reflection of within-group differences in timing, keystroke velocity or digit-to-tone mapping associated with each class of ordinal position ( Supplementary Figs 2-4) . Additional univariate tests computed on the theta, alpha and gamma ranges separately revealed no significant effects either for the total group or for the subgroups.
Assessment of the modulations in P boundary and P within across training stages t1-t2 during sequence-specific skill acquisition confirmed that within each subgroup the above-mentioned changes Figure 5 Modulation of beta-band LFP oscillatory activity in the contralateral STN induced by sequence boundaries. (A) Average beta-band (14-30 Hz) induced spectral power time-locked to sequence boundaries (P boundary : black line, denoted Bo) and to within-sequence elements (P within : blue line, denoted In) in the 11 patients with Parkinson's disease. No significant differences from baseline or between P boundary and P within were found (P 4 0.05). The vertical line at 0 ms marks the onset of the keystroke (k). (B) The same as A but in the single-case of the pianist with Parkinson's disease. Changes in P boundary from baseline level are indicated by the bar on top of the panel (P 5 Pth = 0.01, after control of FDR at level q = 0.05; sign permutation test across trials). Significant differences between P within and P boundary are denoted by the black bar at the bottom of the panel (P 5 Pth = 0.01). (C) Running rank correlation between the combined performance index and the average P boundary À P within, the later averaged every 10 ms (black dots) in bins of 50 ms width. Significant Spearman -values were obtained in time bins located betweenÀ 100 and À 50 ms (P 5 Pth = 0.009, black bar at the bottom above the x-axis), corresponding to a total time interval of À 100 and 0 ms (black line below the x-axis). (D) Illustration of the rank correlation at the maximum shows a distinct modulation P boundary À P within of different sign in two groups of patients depending on their degree of performance. (E) Modulation of P within and P boundary in the group of six patients with Parkinson's disease that demonstrated better sequence performance (GoodP). Sequence boundaries were anticipated by a decrease in P boundary (P 5 Pth = 10 À 6 ), and the decrease was consistent both before the first events of the sequence (black line on top; P 5 Pth = 10 À6 ) and last elements of the sequence (grey line on top; P 5 Pth = 10 À 6 ). P boundary was not significantly different between first and last elements (P 4 0.05), confirming a consistent reduction in power change in anticipation of both first and last elements of the sequences. An increase in P within from baseline is denoted by the blue line on top (P 5 Pth = 10 À6 ). Changes in the P boundary À P within difference are denoted by the black bar at the bottom (P 5 Pth = 0.006). (F) The same analysis is presented in the group of five patients with Parkinson's disease that demonstrated more compromised sequence performance (BadP). In this group, the anticipatory reduction in beta-band spectral power was induced by elements within the sequence (P within ; P 5 Pth = 0.0078; blue line on top, the same latency of significant changes from baseline for second and third elements; no difference between them, P 4 0.05) and not by sequence boundaries. Accordingly, we obtained a significant P boundary À P within difference of positive sign (P 5 Pth = 0.011, black bar at the bottom). Shaded areas in A, E and F show AE 1 SEM around the mean across subjects.
Figure 6
Multivariate pattern classification (MVPC) analysis for classes of ordinal position boundary (Bo) and within-sequence element (In). (A) Time bins of significant above-chance decoding accuracy for single-subject MVPC analysis with 4n features are denoted by horizontal bars (P 5 Pth after control of FDR at level q = 0.05). (B) Same as A but for 3n features, after excluding the beta-band from the feature space. (C) Population decoding accuracy plotted as the mean across patients (solid lines) and SEM (shade) between current keystroke and previous keystroke (vertical line marked by k at À 430 AE 20 ms). The accuracy values were obtained by the MVPC analysis of bilateral STN-LFP oscillatory activity from theta, alpha, beta and gamma bands (black solid line); the same after excluding the beta-band from the feature space (red line). Significant windows of above chance decoding accuracy are denoted by the bottom vertical lines (P 5 Pth = 0.001). (D) The significant above-chance decoding accuracy obtained in the total Parkinson's disease group after excluding the beta-band from the feature space was not a consequence of leakage of beta-band activity into adjacent bands due to wavelet transformation. Here we show the average decoding accuracy obtained by MVPC analysis when including (black dots) or excluding (red dots) the beta-band from the multivariate pattern. The range of the beta-band was modified from the 14-30 Hz interval to different intervals by decreasing the lower bound or increasing the upper bound. That is, we tested whether the exclusion of the broader beta-band led to a significant drop in decoding accuracy. All comparisons of average accuracy obtained with or without the beta-band were non-significant (P 4 0.05). (E) Decoding accuracy obtained in the pianist with Parkinson's disease after including or excluding the beta-band from the feature space, and extending up to the previous keystroke (at À 280 ms). Colour code is the same as in C. Horizontal lines at the bottom denote windows of significant above-chance decoding accuracy obtained with the single-subject level statistical analysis (P 5 Pth = 0.01). The null distribution was obtained with 500 permutations after shuffling trials of different ordinal position, thereby destroying the class label (control, grey solid line: four frequency bands; control, light red solid line: without the beta-band). (F) Activation patterns indicative of the strength of how much the signal encoding class-related information is reflected in each pattern dimension (frequency band). The result is displayed within [ À 250, 0] ms to include the regions of significant above-chance population decoding accuracy obtained with 4n features in the total Parkinson's disease group (C) (illustrated by the horizontal black lines at the bottom). The median of the activation pattern across the Parkinson's disease population is displayed for each frequency band separately (solid lines) and for the median absolute dispersion (shaded areas).
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Multivariate pattern classification analysis
Significant above-chance decoding accuracy was found at the single-subject level around À 200, À 100 and À 50 ms in 7 of 10 patients with Parkinson's disease (P 5 Pth in all cases after control of FDR. Same results with 4n and 3n [no beta-band] features. Patient 3 was excluded due to the small number of trials available after balancing trials from both classes. Fig. 6A and B) . At the group level, MVPC analysis showed correct above-chance classification of trials into boundary and within-sequence classes within [ À 190, À 160] ms and [ À 100, À 40] ms (P 5 Pth = 0.0002, Fig.  6C ). Note that the second latency corresponds with the outcomes from the univariate analysis in the beta-band. Similar significant above-chance decoding was obtained around À 50 ms after excluding the beta-band from the feature space (P 5 Pth = 0.0002). Moreover, there was no significant difference between the mean accuracy obtained when excluding or including the beta-band as a feature (P 4 0.05). This outcome was not the result of spectral leakage from the beta-band to the neighbour frequency regions (Fig. 6D ). Variability in decoding accuracy across the patients did not depend on the level of performance (Spearman correlation, P 4 0.05)
The MVPC analysis in the pianist with Parkinson's disease revealed a mean classifier accuracy significantly larger than chance level (50%) within [ À 60, À 40] ms (P 5 Pth = 0.01; Fig. 6E ). Excluding the beta-band from the multivariate pattern also led to a significant above-chance decoding accuracy, however, in an earlier time window from [ À 130, À 120] ms (P 5 Pth = 0.01), but did not result in a significant drop of decoding performance (4n versus 3n features, P 4 0.05).
To clarify the relevance of the beta-band in the classification of trials of different class, we performed the analysis of covariance described in Haufe et al. (2014) . This analysis revealed that across the patient population and around À 100 ms, the beta-band had the largest covariance value with a negative sign (Fig. 6F ). The negative sign indicated that smaller (more negative) values of beta power modulation corresponded to larger activation of the putative neural signal that differentially encodes the class of ordinal position of the sequence elements. The second most relevant frequency feature around À 100 ms was the gamma band, which exhibited a positive covariance value. Therefore, a larger increase of the gamma band activity corresponded to larger activation of the signal encoding class-related information.
Discussion
In this study, we assessed the modulation of STN-LFP oscillatory activity during initial sensorimotor sequence learning in Parkinson's disease patients ON dopaminergic medication. We found a significant correlation between the performance-related beta-band spectral power and the combined performance index. A similar outcome was obtained in wakeful rest recordings. Thus, across the patients with Parkinson's disease a higher level of beta-band synchronization was associated with poorer performance. The differential beta-band P boundary À P within modulation was also correlated with the level of performance and, moreover, exhibited a change of sign in association with that variable. Beta-band suppression was found prior to sequence boundaries in the comparatively better performers, and likewise in the pianist with Parkinson's disease and with excellent performance. This outcome resembles recent findings in the internal globus pallidus of dystonia patients that were not severely affected in the task performance and suggests that the modulation at sequence boundaries may represent a common mechanism of sequence encoding in the basal ganglia rather than disease-specific activity. By contrast, in the more compromised performers betaband suppression was observed exclusively before withinsequence elements. Notably, the specific anticipatory attenuation of P boundary or P within depending on the subgroup factor, did not reflect differences in temporal intervals, keystroke velocity, digitto-tone mapping or initiation/termination of movement. The early latency of the effects might correspond with the preparatory movement for each keystroke (Bella and Palmer, 2011) . The multivariate analysis demonstrated at the single-patient and group levels that the class of ordinal position of the sequence elements can be decoded from patterns of STN oscillatory activity, regardless of the degree of performance.
Variable effects of sensorimotor sequence training in patients with Parkinson's disease
We observed a high variability in performance during sensorimotor sequence learning in our Parkinson's disease patients that was not accounted for by demographic or disease-specific variables except for the presurgical response to medication. So far, the impairment in motor sequence learning exhibited by some patients in the early stage of Parkinson's disease has been accounted for by the overdose hypothesis of the associative basal ganglia territories following dopamine-replacement (Cools et al., 2006; Kwak et al., 2010) . This is related to the fact that the striatal dopamine deficiency in Parkinson's disease is characterized by a gradient from sensorimotor to associative territories (Bernheimer et al., 1973; Kish et al., 1988; Frey et al., 1996) . This hypothesis was not postulated in our study because the majority of our patients had advanced Parkinson's disease with concurrent motor fluctuations (except Case 0 who was operated due to severe resting tremor) and with likely involvement of ventral-associative basal ganglia territories. All patients did manage to perform the short sequences throughout the recording ON medication (71% rate of correct keystrokes). Moreover, the combined index of performance was significantly associated with the levodopa-responsiveness score, such that better performance was exhibited in patients whose motor symptoms responded better to dopaminergic medication. Other studies of sequence learning in patients with Parkinson's disease have also reported heterogeneous medication-induced changes and have linked the individual differences across this population to the level of performance at baseline (Argyelan et al., 2008; Carbon et al., 2010) . This contrasts with the consistent improvement in sequence learning performance following internal globus pallidus and STN deep brain stimulation (Fukuda et al., 2002; Mure et al., 2012) . Interestingly, the age factor does not necessarily account for deficits in sequence learning in patients with Parkinson's disease (Seidler, 2006) .
General level and dynamic changes in beta-band spectral power reflect the degree of sequence performance
The effect of the levodopa-responsiveness score on the degree of performance was paralleled by, yet independent of, the combined effect of (i) the level of beta-band power; and (ii) the time-varying beta-band changes at boundaries and within-sequence elements. In patients with Parkinson's disease, the spectral power of spontaneous oscillations in the STN measured by LFP and also by single units exhibits a prominent peak in the beta-band (Brown, 2003; Amirnovin et al., 2004) . L-DOPA induces a decrease in beta-band activity, primarily in the lower beta range (13-20 Hz; Priori et al., 2004) , which correlates with improvement in UPDRS motor scores (OFF-ON changes: Kü hn et al., 2006 Kü hn et al., , 2009 Ray et al., 2008) . Similar outcomes have been observed in cortical motor areas in Parkinson's disease (Silberstein et al., 2005) .
In our study the general level of beta-band spectral power after dopamine-replacement was positively correlated with the combined performance index, suggesting that it may be associated with compromised motor performance in Parkinson's disease. In contrast to the anti-kinetic role assigned to the elevated general level of beta-band spectral power in basal ganglia territories, dynamic changes in this measure are fundamental for focusing action selection (Countermanche et al., 2003) and for encoding different aspects of movements (Park et al., 2010; Brittain and Brown, 2014) , with repetitive finger tapping being an example (Androulidakis et al., 2008; Joundi et al., 2012) . The functional significance of beta suppression in the STN or internal globus pallidus is evident during movement preparation and initiation (Kü hn et al., 2004 (Kü hn et al., , 2006 Alegre et al., 2005) , and similarly at the cortical level (Pfurtscheller et al., 2003; Doyle et al., 2005) , but also during the encoding of relevant external cues in cognitive or motor tasks (Williams et al., 2003; Oswald et al., 2012 Oswald et al., , 2013 . Conversely, enhanced beta oscillations in the cortex and basal ganglia structures are currently considered to reflect a relatively stabilized state that promotes the behavioural program in progress (Engel and Fries, 2010; Leventhal et al., 2012) . Along this line, the larger amplitude of beta oscillations throughout cortico-basal ganglia networks might indicate reduced gating functions by basal ganglia structures (Leventhal et al., 2012) , thereby attenuating processing of new movements (Gilbertson et al., 2005) . According to this latter interpretation, our findings suggest that in some patients with Parkinson's disease (here BadP) the STN may not be able to accurately assign saliency to the encoding of the first and last elements of movement sequences, which are the most salient cues of a sequence (Henson, 1998) . This may lead to the impairment of the basal ganglia-mediated concatenation of movements into action chunks (Wymbs et al., 2012) .
Vast evidence supports the deficiency among patients with Parkinson's disease or animal models of Parkinson's disease to internally generate cues that initiate or terminate movements or action sequences, both while learning novel sequences and exhibiting habitual behaviour (Georgiou et al., 1994; Rosin et al., 1997; Hallett et al., 2008; Nieuwboer et al., 2009; Jin and Costa, 2010) . The present data identify the suppression of beta-band oscillations in humans as a putative STN-LFP correlate of the encoding of the most salient sequence elements during initial learning, even during ongoing movement. Establishing the role of the modulation of LFP beta oscillations in guiding behaviour is, however, limited by the broad length of one beta-band cycle between 30 and 70 ms. On the other hand, animal studies that typically report significant changes in phasic unit activity during sequence learning also consider broad time windows (corresponding to extended periods of spike firing patterns: 125 ms in Fujii and Graybiel, 2003 ; at least 40 ms in Jin et al., 2014) . In addition, there is a strong coupling between beta-band LFP activity and burst discharge in populations of single-units (Goldberg et al., 2004; Dejean et al., 2011) . Consequently, suppression of betaband LFP activity in anticipation of specific behaviourally relevant cues may correspond with a modulation of the network dynamics to enable specific neuronal encoding by populations of single units (Goldberg et al., 2004) . This interpretation is shared by the recent proposals for a role of the suppression of cortical-basal ganglia beta-band LFP activity in the enhancement of information coding capacity (Engel and Fries, 2010; Little and Brown, 2014) .
Subthalamic nucleus oscillatory activity across beta and gamma frequency ranges is most informative of the class of ordinal position
The MVPC analysis demonstrated that around [ À 100, À 50] ms (the latency of the univariate effects in the beta-band) the information about the class of ordinal position (boundary, within-sequence) of the sequence elements could be decoded at the single-subject level and in the group of patients with Parkinson's disease from the full pattern of frequency bands. The additional covariance analysis (Haufe et al., 2014) demonstrated that both the beta and gamma bands share around [ À 100, À 50] ms the largest information content regarding the class of ordinal position, with the beta-band being the main contributor. Furthermore, more pronounced suppression of beta-band activity and larger enhancement of gamma band activity corresponded to increased activation in the neural signal that differentially encodes the class of ordinal position in a sequence. This finding is in agreement with the evidence for a negative correlation between beta and gamma LFP oscillations found in basal ganglia structures (Dejean et al., 2011) . In addition, the MVPC outcomes were not a result of differences in kinematics (inter-onset interval or keystroke velocity), as trials from both classes of events were matched in those parameters. Notably, no effects were found in the gamma band with the univariate analysis. This outcome highlights that the joint activity of multiple features (here frequency bands) might encode class-related information, although analysis Encoding sequence boundaries in PD Brain 2014: Page 13 of 16 | 13 by guest on October 7, 2016 http://brain.oxfordjournals.org/ Downloaded from of each feature separately might fail to link some of them to an experimental variable (Haynes and Rees, 2006) .
Overall, these results are in line with a series of studies demonstrating that using different frequency components in the LFP is useful in improving inference of movement parameters, such as direction or intention, at least from motor cortical areas (Rickert et al., 2005; Scherberger et al., 2005) . In the context of sequence performance, MVPC or related techniques have successfully revealed that sequences and their specific movement transitions are represented in the neural activity of ensembles of neurons in the prefrontal cortex or in spatially distributed patterns across primary and secondary cortical motor areas (Averbeck et al., 2006; Wiestler and Diedrichsten, 2013) . More related to our results is evidence that beta and gamma-band striatal LFP activity supports skill acquisition in rodents (Howe et al., 2011) . As learning proceeds, the relative influence of these bands in the ventromedial striatum shifts from locally synchronized gamma to widespread beta activity. This shift may account for the reported transition from associative to sensorimotor striatal territories that accompanies the acquisition of habitual behaviour (Lehé ricy et al., 2005; Redgrave et al., 2010) . An important consideration is that although clinical efficacy of deep brain stimulation in our patients supports correct placement of the electrodes in the sensorimotor STN, the LFP recordings possibly summate local activity from sensorimotor and adjacent associative and limbic STN territories. An additional consideration is that during the early phase of learning investigated here, there were no sequence-specific changes in the modulation of beta-band oscillations, despite the performance improvements observed. Note that the initial adjustment of movement kinematics during sequence learning has been attributed to a cortico-cerebellar network (Hikosaka et al., 2002; Doyon et al., 2003) . Accordingly, in Parkinson's disease the dysfunction of the basal ganglia during the acquisition of habitual actions may be compensated by cortical and cerebellar regions and corresponding changes in effective connectivity (Wu et al., 2010) .
Conclusion
The present study confirms that the human STN may be relevant to the encoding of sensorimotor sequences. A key implication of the present data is that the more compromised sequence performance exhibited by some Parkinson's disease patients during the initial explicit sequence learning might partly originate in the abnormal STN-mediated assignment of saliency to sequence elements other than the boundaries and, additionally, in the excessive level of beta-band synchronization in the STN. Combined LFP, single-unit and multi-unit activity along basal ganglia-cortical circuits should be assessed in future studies to clarify more in detail these processes.
